During pursuit of smoothly moving targets with combined eye and head movements in normal subjects, accurate gaze control depends on successful interaction of the vestibular and head movement signals with the ocular pursuit mechanisms. To investigate compensation for loss of the vestibulo-ocular reflex during head-free pursuit in labyrinthinedeficient patients, pursuit performance was assessed and compared under headfixed and head-free conditions in five patients with isolated bilateral loss of vestibular function. Target motion consisted of predictable and unpredictable pseudo-random waveforms contalning the sum of three or four sinusoids. Comparison of slow-phase gaze velocity gains under head-free and head-fixed conditions revealed no significant differences during pursuit of any of the three pseudorandom waveforms. The finding of significant compensatory eye movement during active head movements in darkness in labyrinthine-deficient patients, which were comparable in character and gain to the vestibular eye movement elicited in normal subjects, probably explains the similarity of the head-fixed and head-free responses. In two additional patients with cerebellar degeneration and vestibular failure, no compensatory eye movement response was observed, implying that the cerebellum is necessary for the generation of such responses in labyrinthine-deficient patients.
During coordinated movements of the head and eyes to track smoothly moving targets, a number of physiological mechanisms help to prevent retinal image slip, including the vestibulo-ocular, optokinetic and smooth pursuit responses. Dysfunction in one or more of these systems has the potential to degrade retinal input under certain conditions, producing visual blurring or illusory movement of the environment (oscillopsia). The vestibuloocular reflex (VOR) helps to maintain the eyes stationary in space during motion of the head and, following bilateral loss of vestibular function, patients frequently complain of visual disturbances which are associated with head or body movement. Such systems have been aptly compared to the unstable images produced by a movie camera which is moved about randomly at high frequency.' Despite these problems, many patients who are initially quite disabled by loss of vestibular function, subsequently demonstrate remarkable adaption and are able to return to near normal lifestyles with few visual complaints.
Studies of gaze control in labyrinthinedeficient (LD) patients and monkeys have revealed a variety of adaptive mechanisms which may be used to compensate for loss of the VOR during self-motion or rapid gaze shifts. These include potentiation of the pursuit,2 optokinetic,'-4 and cervico-ocular reflexes,`8 the use of somatosensory cues,9
and the central pre-programming of eye movements.2568 There have been relatively few studies of head-free pursuit performance in these subjects. During pursuit with the head free it is necessary to suppress the VOR which would normally produce eye movements of opposite polarity to head movement. It has been postulated that, during head-free pursuit, a central suppression mechanism incorporating an efference copy of the planned head velocity signal, is used to cancel the VOR.'0
One prediction of this model is that, in patients with loss of vestibular function, tracking gains should exceed unity during head-free pursuit if cancellation were still in operation, even though there is no significant vestibular response.'0 Previous studies in normal subjects over limited ranges of motion have shown little difference in tracking performance between head-free and head-fixed pursuit.11-'4 In contrast, it has been shown that head-free pursuit of predictable sinusoidal target motion produced better slow-phase tracking gains compared with pursuit with the eyes alone in labyrinthine-deficient patients. " The differences demonstrated were not marked and the gains never exceeded unity because of the presence of compensatory eye movements (CEM) which simulated the normal VOR. Performance during pursuit of unpredictable target motion has not been assessed in these patients.
To explore the mechanisms that compensate for loss of the VOR during head-free pursuit, we have examined the responses to pursuit of pseudo-random target motion in deficient patients, under head-free and head-fixed conditions, using a stimulus consisting of the sum of three or four sinusoids. By adjusting the velocities and frequencies of the components in the pseudo-random stimulus it is possible to produce both predictable and unpredictable cerebellar function were also investigated. Some of their clinical features were reminiscent of multiple system atrophy or olivopontocerebellar atrophy, but there was no other clinical evidence of brain stem, cortical, extrapyramidal or autonomic involvement, and family history was negative. The exact nature of their disease was unknown, but CT of the brain showed evidence of cerebellar atrophy in both patients. A group of normal, naive, agematched subjects acted as controls, and all experiments were carried out with local ethics committee approval. Apparatus Subjects were seated comfortably in front of a semicircular screen of radius 1-5 m. A motordriven mirror situated above the subject's head was used to drive the target, a small white cross within a circle whose diameter subtended 70 minutes of arc at the eye. Eye movements were recorded using an infrared limbus reflection technique (Iris 6500 system, Skalar Medical) with a resolution of 10 minutes of arc and a linear range of at least plus or minus 200. The recording equipment was mounted on a helmet assembly which was attached firmly to the subjects head, so that no movement occurred between the eye recorders and the head. A single turn potentiometer, attached to the top of the helmet via a flexible assembly, was used to record head movements. Vestibular function was assessed during sinusoidal oscillation about an earth vertical axis on a motorised turntable (Toennies, 200 Nm).
Experimental design
Each experiment was presented in a balanced randomised fashion to control for practice or fatigue effects. Calibrations were performed before each test condition. All experiments were carried out in a room which, apart from target illumination, was otherwise completely dark.
Experiment 1 A pseudo-random stimulus containing the sum of three or four sinusoids (0-11, 0-24, 0 37 and 1-56 Hz) was used for the pursuit task ( fig 1) . The velocity of the three lower frequency sinusoids remained constant at 8°/s, whereas the velocity of the 1-56 Hz component was varied as a ratio of the lower frequency velocity (velocity ratio) between zero and two. Thus the 1-56 Hz component was absent when the velocity ratio was zero. Previous studies have demonstrated that, when a pseudo-random stimulus contains frequency components which are all less than a critical level of 04 Hz, the target motion is very predictable. The addition of a sinusoid whose frequency is greater than 0 4 Hz, however, results in a reduction in gain of all the lower frequency components. Further breakdown at the lower frequencies occurs when the velocity of the high frequency is increased. essentially as a result of making the waveform less predictable, and allows for comparisons to be performed during both predictable and unpredictable target motion at normal frequencies of eye and head movement. Subjects were asked either to track the target using eye movements only, or to use the eyes and head together in a natural fashion. Experiment 2 During this experiment, the gain of the CEM response was measured by recording the eye movements associated with active head movements in darkness. Sinusoidal responses at each of the three lower frequencies used in the pseudo-random stimulus (0-11, 0-24, and 0-37 Hz) were assessed. Each had a peak velocity of 16°/s to approximate the RMS velocity of the pseudo-random waveform. Subjects were initially asked to track the target with the head free, in time with a sinusoidally modulated tone placed above the subject's head. The target was then extinguished and subjects were asked to imagine that they were still tracking the target in the dark in time with the tone. Previous studies have demonstrated that this paradigm results in little, if any, suppression of the VOR.'2 14 19 An observer monitored head movements on an Feq.uecy Figure 3 Head displacement gain during head-free pursuit of the pseudo-random stimulus for labyrinthine-deficient patients (solid line) and control subjects (broken line). Mean (SE 1) for deficient patients (n = 5).
oscilloscope screen and prompted the subject if the movements were inappropriately large or small. The order of the above conditions was maintained, but the frequencies were presented in random fashion. A measure of residual VOR gain was also obtained for comparison, during whole body turntable rotation in the dark at the same frequencies and velocities, while subjects performed mental arithmetic to maintain alertness. In addition, recording of saccadic velocities in the two patients with cerebellar degeneration was performed at amplitudes of up to 30°using a visually elicited saccade paradigm, to look for possible evidence of brain stem involvement.
Experimental control and analysis All experiments were controlled and analysed off line by computer (Hewlett-Packard 360CH) using techniques described previously."5 Gaze displacement was calculated by summing eye and head displacement, and gaze velocity was obtained by differentiating gaze displacement. A computer graphics procedure was used to remove the saccadic components from the gaze velocity trace. 20 The resultant measure of slow-phase gaze velocity was then correlated with target velocity to produce gaze velocity gain and phase. All subsequent references to gaze velocity refer to slow-phase gaze velocity. Statistical significance was assessed by analysis of variance.
Results

Experiment 1
During head-fixed pursuit of the pseudorandom stimulus composed of the three lowest frequency sinusoids (0-11, 0-24 and 0-37 Hz, there was no significant difference between the eye velocity gains for labyrinthine-deficient (mean 0-91) and control subjects (mean 0-94). The gains for each frequency component for this combination of frequencies have previously been shown to be similar to the gains obtained during pursuit of single sinusoidal target motion at the same frequencies, as long as all the components are less than a critical level of 0-4 Hz."5 When the 1-56 Hz sinusoid was added to the stimulus, and when its velocity was increased with respect to the other frequency components, there was a progressive decrease in gain at all the lower frequencies, and again there was no significant difference between the patient and control groups (for example, mean gain was 0-34 for the patient group and 0-38 for controls when the velocity ratio was two). The phase changes were also similar to those reported previously in normal subjects, with an increasing phase lead at the lowest frequency, and increasing phase lags at all other frequencies except the highest frequency which showed a decreasing phase lag as the velocity ratio was increased (fig 2) .15 16 During head-free pursuit of an identical stimulus, head displacement gain tended to be slightly higher in the control group but the differences were not significant. Mean head displacement gain in the LD group was always greater than 0-62 for the three lowest fre- a) Contro tions as a result of the severe pursuit deficit (means of 0 65 and 03 1, for velocity ratios of zero and two respectively). Under head-fixed conditions, the much larger amplitudes of eye displacement resulted in a moderate degree of gaze-evoked nystagmus in both patients, with consequent reductions in gaze velocity gain, so a meaningful comparison with the head-free gains could not be performed.
Experiment 2
The mean VOR gain observed when subjects were asked to make active head movements to track an imaginary target in darkness, ranged between 0 57 at 0-11 Hz and 074 at 0-24 Hz (mean 068). These measures approximated the gains obtained during whole-body turntable motion at the same frequencies (mean 0 66). Despite the absence of any significant turntable VOR response in the LD subjects, a significant CEM response could be demonstrated during active head movements, which ranged between 0 52 at 0 11 Hz and 0 62 at 0-24 Hz (mean 056, fig 4) . Generally, the pattern of CEM in the patients resembled a normal vestibular response ( fig 5) and, although the gains were not as high as those recorded in controls, the differences were not significant. When the recordings from deficient patients during head-free pursuit of pseudorandom target motion were examined, the breakdown in gaze velocity gain with increasing velocity ratio was seen to be associated with inadequate suppression of the CEM response (see fig 1) . This activity was often indistinguishable from the unsuppressed vestibular activity observed during similar experiments in normal subjects." 14 In the two patients with cerebellar degeneration, no significant CEM response was generated at any frequency (see fig 4) . Their eye movement traces consisted of saccades without any major slow-phase components (see fig 5) . Examination of the main sequence plots for these patients demonstrated normal peak saccadic velocities at all target amplitudes. of the trunk with respect to the head, emphasising the importance of the COR in the genesis of this response.672425 The gain produced under these conditions is less than that seen during active head movements, particularly at frequencies above 02 Hz,8 so clearly other compensatory mechanisms are involved, such as central pre-programming of eye movements.5 6 8 22 It has been demonstrated previously that impairment ofVOR suppression becomes evident as tracking gains fall during head-free pursuit in normal subjects." 12 14 26 The contribution to gaze velocity made by the head movement is effectively nulled by the resultant vestibular signal and consequently, gaze velocity is similar whether or not the head moves. It therefore might have been expected that gaze velocity gains would be significantly higher during head-free pursuit in LD subjects, because of the absence of any significant vestibular response. The eyes would only have had to make up the difference between head and target displacement, thereby allowing a potential advantage in the use of head movement. This conclusion is supported by the results of a previous experiment in normal subjects; when the effect of the VOR was artificially attenuated by using whole body turntable motion to oppose head motion during head-free pursuit, significant increases in slow-phase gaze velocity occurred.'2 In the present study, however, there was no significant difference in gaze velocity gain for head-fixed and head-free pursuit, even at peak target velocities of up to 400/s. This observation can be explained by the presence of a significant CEM response, resembling the normal VOR, during active sinusoidal head movements in darkness. The mean gains of this response in the labyrinthine-deficient group were only slightly lower than those recorded in the control group (see fig 4) . Leigh 
